proach for studying local levels of immunomodulatory molecules in the skin. CCL17 (TARC) and IL-8 were found to be the most promising biomarkers of AD and might be useful for investigating the course of skin diseases and the effect of local therapy.
Introduction
Atopic dermatitis (AD) is a chronic, remitting, inflammatory skin disorder. It has a complex etiology in which immunological dysregulation and skin barrier alterations play an important role [1] [2] [3] . The fact that mutations in the gene encoding for the epidermal protein filaggrin predispose for AD points toward the skin barrier as an important factor in the pathophysiology of the disease [4] . In addition to genetic factors, filaggrin expression is downregulated by Th2 cytokines [5] . This further emphasizes the interaction between the immune system and skin barrier in AD, particularly since flares of AD are characterized by activation of Th2 pathways [6, 7] . The profile of inflammatory mediators might provide more insight into specific immunopathological pathways, offering potential targets for more personalized therapy, the subclassification of AD, and for the monitoring of therapy [8] . Clinical assessment of AD lesions is often hampered by symptoms such as erythema and lichenification. Furthermore, as addressed by Mansouri and GuttmanYassky [8] , AD has a high placebo response rate, which might influence assessment of the efficacy of therapeutics in clinical trials. The profiles of inflammatory mediators in AD skin lesions during exacerbation or after treatment have been insufficiently investigated because most studies are based on blood samples, and thus only provide information on systemic profiles and not on the cutaneous microenvironment [9, 10] . The lack of data on the local milieu of inflammatory mediators is partly due to the invasive and laborious nature of many procedures used to obtain skin samples, such as biopsies, harvesting of skin-derived interstitial fluid or cutaneous microdialysis [11] . In contrast, the collection of the stratum corneum (SC), the uppermost layer of the epidermis, by adhesive tape offers the advantage of obtaining skin samples in a simple and noninvasive manner. This technique has been used to determine different skin biomarkers such as interleukin (IL)-1 cytokines, enzymes, lipids, and filaggrin degradation products [12] [13] [14] [15] [16] . However, so far the poor sensitivity of the analytical methods used in this approach has hampered the analysis of inflammatory mediators relevant to AD. Recently, several multiplex assays have been introduced, which are more sensitive and also permit the determination of a broad range of inflammatory mediators in a single (tape strip) sample [17] .
In the present study, we used the SC tape stripping technique to determine various inflammatory mediators in lesional skin of AD patients before and after treatment with an emollient containing ceramides and magnesium. Both ingredients are involved in the maintenance of the skin barrier. Furthermore, as a control, inflammatory mediators of 20 healthy, non-AD individuals were measured. We analyzed 38 different cytokines, chemokines, and vascular growth factors, most of which, to our knowledge, have not previously been determined in the SC.
Methods

Patients
Ninety adult patients from the VU Medical Center Amsterdam outpatient clinic (average age 33 years; 57 females, 33 males) with AD as defined by the Hanifin and Rajka criteria entered the study after their written informed consent had been obtained [18] . Only patients with mild-to-moderate AD based on the OSCORAD (Objective SCORing AD) score (range 12.5-50) were included [19, 20] . Apart from the emollient used in the study, patients were not allowed to apply local steroids or other products such as calcineurin inhibitors and over-the-counter emollients on the investigated lesions. Patients undergoing systemic immunosuppressive or antibiotic therapy were excluded. SC samples were collected before and after 6 weeks of topical treatment with the study emollient. A healthy population of twenty individuals without a history of AD was included as a control group. The research was conducted according to the principles of the Declaration of Helsinki and was approved by the Ethics Committee of the Academic Medical Center (study number: METC 2014_090).
Emollient
The AD patients were asked to apply an emollient containing ceramides and magnesium chloride hexahydrate (Dermalex ® Eczema; Omega Pharma, Nazareth, Belgium) twice daily. Other components of the emollient included water, cholesterol, zeolite, glycerol, cocoglycerides, cetyl alcohol, isopropyl myristate, emulsifiers, and preservatives. The total lipid content was 30%. The control population was asked not to use any cream for at least 3 days preceding the study.
Tape Stripping of the SC
Tape stripping was performed as previously described [12, 13] . Briefly, adhesive tapes (3.8 cm 2 , D-Squame; CuDerm, Dallas, Tex., USA) were placed on a skin site affected by AD, e.g. the volar forearm or popliteal fossa, and briefly pressed with a standardized pressure pen of 225 g/cm 2 (D-Squame pressure instrument D500; CuDerm). Eight consecutive tapes were collected from the same skin site. Six weeks later, another eight consecutive tapes were taken from an adjacent AD-affected and emollient-treated area as close as possible to the skin site sampled during the first visit. For the analysis, the 6th tape was used (stored at -80 ° C). The tape strips of the control group were taken from the upper back of the participant and the 6th and 7th strip (1.5 cm 2 D-squames) were used for analysis. These strips represent the middle part of the SC where the cytokine concentrations reach stable levels [14] .
Sample Preparation and Analysis
The SC samples were extracted from the tapes by ultrasonification (15 min) with 0.5 ml of phosphate-buffered saline containing 0.05% Tween 20. After vortexing, the extract aliquots were distributed in vials and stored at -80 ° C. Analysis was performed using the MESO QuickPlex SQ 120 assay (MSD, Rockville, Md., USA). If more than 50% of the samples were under the level of detection, no further analysis was performed for that specific mediator [21] . An overview of the inflammatory mediators can be found in table 1 and online supplementary table 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000448400). All panels used human antibodies. For the analysis, 50 μl of the SC extract and a calibrator (provided by MSD) were incubated overnight on the sealed plate at 2-8 ° C. Reading was done after washing with phosphate-buffered saline with Tween 20 and after adding the provided reading buffer. The extracts of tapes 6 and 7 of the control group were pooled, as smaller D-squame tapes were used. Concentrations of all cytokines in both groups were corrected by the total protein content of the extract, which has been determined by the Pierce assay [22] . Samples under the limit of detection were substituted for by a value of half the level of the detection limit.
Clinical and Biophysical Parameters
The OSCORAD was used to determine the clinical severity of AD lesions [19] . Since only isolated skin sites were treated and clinically assessed, the body surface area was set to 1% when calculating the OSCORAD. To assess the skin barrier function, transepidermal water loss (TEWL) was measured using a Tewameter 300 (Courage and Khazaka Electronic GmbH, Cologne, Germany).
Statistics
Statistical calculations were performed using Graphpad Prism 6.0 (Graphpad software, La Jolla, Calif., USA). The Shapiro-Wilk test was used to check for data distribution. In the case of deviation from normal distribution, a nonparametric two-sided Wilcoxon signed-rank test was used. For normally distributed data, a twosided t test was applied. A p value of <0.05 was considered statistically significant. Because of the explorative character of the study, no correction for multiple testing was applied. Spearman's rank correlation coefficient was used to perform correlation analysis of individual immunomodulators, clinical, and biophysical parameters.
Results
In total, 90 AD patients and 20 healthy controls completed the study, and their samples were analyzed. The concentrations of 24 out of 38 measured inflammatory mediators could be quantitatively determined (i.e. the concentrations were above the detection limit of the method) in the majority of the samples ( table 1 ) . Immu- Values are expressed as medians (interquartile ranges), unless otherwise indicated. 'Before vs. after' was tested by a two-sided Wilcoxon signed rank test and 'before vs. healthy' and 'after vs. healthy' by a Mann-Whitney test. n = Number of samples in which the inflammatory mediators' concentration could quantitatively be determined; p = level of significance (significant differences are highlighted in bold). CSF2 = Colony-stimulating factor 2; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN = interferon; MCP = monocyte chemotactic protein; MDC = macrophage-derived chemokine; MIP =macrophage inflamenatory protein; TNF = tumor necrosis factor; ND = not determined. ( table 2 ) . A representative picture of lesions in patients with a mild and moderate disease severity is shown in figure 1 .
Correlation Analysis
In order to investigate relationships between the various inflammatory mediators, TEWL and OSCORAD, a correlation analysis was performed (online suppl. tables 2.1 and 2.2). A strong and significant correlation was Values are expressed as medians (interquartile ranges), unless otherwise indicated. p = level of significance for the difference between the baseline and after treatment (two-sided Wilcoxon signed-rank test). found between the change in Th1 cytokines CCL11/Eotaxin-1 and IL-5 (r = 0.61, p < 0.001), the Th2 cytokines IL-4 and IL-13 (r = 0.72, p < 0.001), and tumor necrosis factor-β and IL-12 (r = 0.75, p < 0.001). The acute-phase proteins SAA and CRP both correlated well with VCAM-1 (r = 0.90; p < 0.001 and r = 0.74; p < 0.001, respectively). There was no correlation in changes of any of the investigated mediators with changes in OSCORAD and TEWL. However, in a subgroup analysis of moderate AD cases (OSCORAD >25), CCL17 and IL-8 showed to be significantly correlated with the decrease of OSCORAD (r = 0.56; p = 0.01 and r = 0.45; p = 0.05). Furthermore, significant correlations between the values of various inflammatory mediators and OSCORAD and TEWL at baseline as well as after the therapy (online suppl. tables 3.1 and 3.2) were found.
Discussion
In the present study, we explored the potential of a minimally invasive sampling technique for the determination of inflammatory mediators in the SC of the lesional skin of AD patients with mild-to-moderate AD before and after treatment with an emollient. In total, 24 out of 38 investigated mediators could quantitatively be determined. The absolute levels of various inflammatory mediators correlated with the skin severity (OSCORAD) and skin barrier function (TEWL) at baseline and/or after therapy (online suppl. table 3).
After 6 weeks of topical therapy with an emollient containing magnesium and ceramides, both the severity of skin lesions and the skin barrier function improved. This was consistent with a significant decrease in the levels of various inflammatory mediators, mainly Th2-related cytokines and chemokines characteristic of acute AD lesions [23] [24] [25] [26] , including IL-4, IL-13, CCL2, CCL22, and CCL17. As expected, the levels of most inflammatory mediators were significantly higher in AD patients (before and after therapy) than in the healthy control group [7] . Furthermore the levels of IL-4 and IL-13 were strongly correlated (r = 0.70). IL-4 and IL-13 are known as drivers of key pathogenic mechanisms of AD such as the survival of Th2 cells, differentiation and activation of myeloid and dendritic cells, activation of B cells, stimulation of the IgE class switch, and recruitment of eosinophils [27, 28] . Furthermore, they suppress lipid production, filaggrin expression, and keratinocyte differentiation, impairing the skin's barrier function [5, 29] . The importance of IL-4 and IL-13 in AD has been previously confirmed in clinical studies. Thus, systemic therapy of AD patients with dupilumab, a monoclonal IL-4 and IL-13 receptor antagonist, resulted in a rapid improvement of disease activity [5, [30] [31] [32] [33] [34] [35] .
In the present study, there was no significant change in the levels of the Th1 mediator interferon-γ. However, the levels of IL-1β and IL-2 decreased significantly during the 6 weeks of therapy. The latter is associated with pruritus, a key symptom of AD [36] [37] [38] . Apart from the Th2-and Th1-mediated molecules, significant changes were observed for the more general inflammatory mediators SAA, CRP, and VCAM-1 during therapy. Similarly, Caproni et al. [39] found a decrease of VCAM-1 in lesional skin biopsies of AD patients after local therapy with tacrolimus. Elevated CRP serum levels have previously been reported in AD [40] . However, to the best of our knowledge, this is the first time that CRP was measured directly in human AD skin lesions.
Data on the local cytokine and chemokine milieu in AD are scarce [30] . Morita et al. [41] showed a significant correlation between the SC levels of CCL17 and disease severity, Amarbayasgalan et al. [42] showed that IL-8 was correlated with AD-severity. Szegedi et al. [7] determined a wide range of Th1 and Th2 cytokines in dermal interstitial fluid collected from healthy subjects, and in the lesional and nonlesional skin of AD patients. IL-8 and the levels of Th2 cytokines/chemokines IL-13, CCL2, and CCL17 were lower in healthy skin compared to lesional skin. Data on inflammatory mediators obtained from skin samples (i.e. SC tapes and interstitial fluid) are consistent with those from blood samples. Utilizing a multiplex analysis, Thijs et al. [43] found a significant decrease in the levels of 7 out of 31 investigated biomarkers, including CCL17 and CCL22, in blood samples from patients with moderate-to-severe AD who were treated with a potent corticosteroid [44] . This is in line with the results of the present study in which a significant decrease in CCL17 and IL-8 was found after the therapy with the emollient containing magnesium and ceramides. CCL17 and CCL22 act via the Th2 cell chemokine receptor CCR4 [44] [45] [46] [47] . In a recent meta-analysis, serum levels of CCL17 were the most reliable available biomarker of AD disease severity, showing correlation coefficients of 0.60 (95% CI 0.48-0.70) and 0.64 (95% CI 0.57-0.70) in longitudinal and cross-sectional studies, respectively [41, 43, 44, 48, 49] .
Although the levels of several immunomodulators in the present study were significantly decreased after therapy and were associated with the OSCORAD and TEWL at baseline and/or after therapy, there was no correlation between the changes in their levels and an improvement of clinical symptoms (OSCORAD) or skin barrier function (TEWL). One of the reasons for this might be the inclusion of patients with mild-to-moderate AD who showed a slight but significant reduction of OSCORAD from 14.2 to 10.7. For instance, patients in the study conducted by Thijs et al. [43] had more severe AD, and the study showed a large decrease of the severity index SASSAD ('six area, six sign AD') from 36.9 at baseline to 8.0 at the endpoint. Indeed, in the present study a subgroup analysis of moderate-AD individuals did show that declining concentrations of CCL17 and IL-8 were significantly correlated with the decrease in symptoms as assed by OSCORAD. The performance of these inflammatory mediators as biomarkers of disease activity should therefore be further investigated in patients with more severe AD. One of the limitations of the present study is that the SC samples of the control group were collected from the upper back. However, Amarbayasgalan et al. [42] have shown no regional differences for various inflammatory mediators in healthy skin, including the back, neck, and arm. Furthermore, most of the investigated cytokines are produced upon inflammation due to AD and are not constitutively present in healthy skin.
In conclusion, tape stripping of the SC is a simple, minimally invasive approach to the study of local levels of various immunomodulatory molecules relevant to AD. CCL17 (TARC) and IL-8 were found to be the most promising biomarkers for AD. These biomarkers provide not only a better understanding of the pathogenesis of AD but also information on treatment efficacy, further enabling more targeted clinical care.
